Progressive CKD is generally detected at a late stage by a sustained decline in eGFR and/or the presence of significant albuminuria. With the aim of early and improved risk stratification of patients with CKD, we studied urinary peptides in a large cross-sectional multicenter cohort of 1990 individuals, including 522 with follow-up data, using proteome analysis. We validated that a previously established multipeptide urinary biomarker classifier performed significantly better in detecting and predicting progression of CKD than the current clinical standard, urinary albumin. The classifier was also more sensitive for identifying patients with rapidly progressing CKD. Compared with the combination of baseline eGFR and albuminuria (area under the curve [AUC]=0.758), the addition of the multipeptide biomarker classifier significantly improved CKD risk prediction (AUC=0.831) as assessed by the net reclassification index (0.303620.065; P,0.001) and integrated discrimination improvement (0.05860.014; P,0.001). Correlation of individual urinary peptides with CKD stage and progression showed that the peptides that associated with CKD, irrespective of CKD stage or CKD progression, were either fragments of the major circulating proteins, suggesting failure of the glomerular filtration barrier sieving properties, or different collagen fragments, suggesting accumulation of intrarenal extracellular matrix. Furthermore, protein fragments associated with progression of CKD originated mostly from proteins related to inflammation and tissue repair. Results of this study suggest that urinary proteome analysis might significantly improve the current state of the art of CKD detection and outcome prediction and that identification of the urinary peptides allows insight into various ongoing pathophysiologic processes in CKD.
This might be especially relevant in diabetic nephropathy (DN) representing one of the two major causes of CKD. 1 Microalbuminuria (30-300 mg/24 h) is considered to be the best predictor of DN progression available in the clinic. 7 However, it is increasingly shown to be, in contrast to what was previously believed, only moderately associated with the progression toward DN (recently reviewed by MacIsaac et al.). 8 Reduction of eGFR is a clear indicator of CKD, but only at an advanced stage of disease, where success of treatment is severely compromised by advanced structural damage. 9 There is thus a need to widen the focus of clinical care in CKD and to develop broader models that include novel pathways and risk markers apart from those related to the traditional urinary albumin pathway. This has initiated research to identify noninvasive urinary protein biomarkers of CKD that enable early detection and accurate prognosis. [10] [11] [12] Urinary proteome analysis by capillary electrophoresis (CE) coupled to mass spectrometry (MS) has shown high reproducibility allowing the comparison of the protein and peptide content of thousands of samples. 13 Hence, CE-MS has been used to analyze urine samples from patients with various renal and nonrenal diseases. 14 CE-MS was used for the identification of a panel of 273 urinary peptide biomarkers of CKD (CKD273 classifier) by comparison of the urinary proteome of 379 healthy participants and 230 participants with CKD originating from a variety of renal diseases 15, 16 followed by the validation of these findings in independent cohorts. 17, 18 Small-scale studies in patients with diabetes showed that this classifier is able to predict the progression from normoalbuminuria to macroalbuminuria as well. 19, 20 These data show the presence of diagnostic/prognostic peptide-based markers of CKD in urine. In addition, these markers may enable insights into the pathophysiology of CKD.
Although the diagnostic potential of the CKD273 classifier for CKD has extensively been studied, its prognostic potential for CKD progression has not been adequately addressed. Hence, as the first aim of this study, we assessed the performance of the CKD273 classifier in CKD progression using a multicenter cohort of 1990 individuals with CKD, including 522 patients for whom data on progression were available. Because the CKD273 classifier was established using a dichotomous cut-off (i.e., by comparing healthy controls and participants with CKD), as a second aim we used this large cohort to determine whether a de novo analysis of correlating individual urinary peptides to progression of eGFR and CKD stage led to the discovery of additional urinary markers of CKD.
RESULTS
Samples from participants with CKD were obtained from 19 different centers. Cross-sectional patient data are displayed in Table 1 . For the identification of urinary peptides associated with the progression of CKD (follow-up cohort), we studied the urinary proteome of 522 patients (Table 2 ) from nine different medical centers for whom we obtained on average five follow-up visits measuring eGFR over a period of 54628 months. The mean eGFR at baseline was 76624 ml/min per 1.73 m 2 with a mean change in eGFR per year follow-up of 21.24%65.03%. The mean urinary albumin concentration of the patients in the follow-up cohort was 1276415 mg/L at baseline.
The CKD273 Classifier Is Significantly Better than Urinary Albumin in Predicting CKD
We first aimed to validate the diagnostic and prognostic potential of the previously established CKD273 classifier 16 in this large cohort. A number of previous studies observed a significant correlation between urinary albumin levels and eGFR (e.g., Chou et al. 21 ). We confirmed this correlation in the cross-sectional cohort: Urinary albumin correlated with eGFR with Rho=20.34 ( Figure 1A) . However, the CKD273 classifier, based on 273 urinary peptides, displayed a significantly (P,0.001) stronger correlation with eGFR in this large cohort with Rho=20.44 ( Figure 1B ).
Furthermore, we had previously observed in small cohorts that the CKD273 classifier, although not initially developed to predict progression, also predicts progression of CKD. 19, 20 We therefore assessed whether the association of the CKD273 classifier with progression of CKD could be confirmed in this larger cohort (n=522), in which progression was defined as the percent decrease in eGFR per year. Albuminuria correlated with eGFR slope with a Rho=20.29 ( Figure 1C ). The correlation of eGFR slope with the CKD273 classifier (Rho=20.40, Figure 1D ) was again markedly higher (P=0.05). CKD. 22, 23 To compare the performance of albuminuria and the CKD273 classifier concerning their prediction of CKD development, we defined patients who progress rapidly to CKD with an eGFR decline .25% per year (for justification of this cut-off rapid progressors, please see the Concise Methods and Table 2 ). On the basis of this cut-off, we calculated the sensitivity of urinary albumin compared with the CKD273 classifier to detect patients that progress rapidly to CKD. Urinary albumin identified (cut-off: $30 mg/L; i.e., the presence of microalbuminuria) 58 of 89 (sensitivity: 65%) rapidly progressing patients, resulting in a misclassification of 35% ( Figure  2A ). By contrast, the CKD273 classifier (using the predefined cut-off of 0.343 for CKD 16 ) detected 67 of 89 (sensitivity: 75%) progressors (only 25% misclassified, Figure 2B ). The CKD273 classifier identified 17 of 31 (55%) of progressors that were missed by urinary albumin analysis. On the other hand, microalbuminuria identified only eight further progressors (36%), which were misclassified with the CKD273 classifier. Furthermore, the examination of the specificity resulted in a better value for the CKD273 classifier (79%) than for the microalbuminuria (73%). In total, receiver operating characteristic (ROC) analysis of the classification of these fast progressors displayed a significantly higher area under the curve (AUC) (P=0.01) for the CKD273 classifier than for albuminuria (AUC=0.821 and AUC=0.758, respectively) ( Figure 2C ).
To determine the contribution of the CKD273 classifier to the baseline covariates, we defined cases and controls according to the threshold (25% per year) for eGFR decline. Compared with the validated risk factor-based model of the combination of baseline eGFR and albuminuria (AUC=0.758), the addition of the CKD273 classifier significantly and incrementally improved CKD risk prediction (AUC=0.831) as assessed by the net reclassification index (NRI) (0.303620.065; P,0.001) and integrated discrimination improvement (IDI) (0.05860.014; P,0.001). Correlation of Individual Urinary Peptides to Baseline eGFR As a second aim, and because the CKD273 classifier was established using a dichotomous cut-off (i.e., presence or absence of CKD), we performed a de novo analysis determining the correlation of detected urinary peptides to eGFR and CKD stage at baseline. Correlation analysis led to the identification of a total of 179 urinary peptides, corresponding to 40 different proteins ( Figure 3A , Table 3 ), which were significantly associated with baseline eGFR (Supplemental Table 1 , columns B and C). Six urinary peptides displayed higher correlation factors than albuminuria (Rho=20.34) but were lower than the correlation of the CKD273 classifier (Rho=20.43, Figure  1B) . Fragments of the blood-derived proteins b2-microglobulin, apoA-I, a1-antitrypsin, and serum albumin displayed a negative correlation, whereas two fragments of collagen a1(I) and (III) displayed a positive correlation. The most prominent peptides (top 25% and $3 peptides observed) correlating to baseline eGFR were fragments of a1-antitrypsin, apoA-I, b2-microglobulin, and collagen a1(I) chain.
In order to identify peptides specifically associated with different CKD stages (Supplemental Table 1 Figure 3B ) in the mild-moderate CKD cohort. Only 18 peptides (from 7 proteins, Figure 3B ) overlapped between the mild-moderate and advanced stage CKD subcohorts. Of the 84 peptides correlating with eGFR in advanced stage CKD, 57 peptides showed higher correlation factors than albuminuria (Rho=20.18). In mildmoderate stage CKD, 19 peptides displayed stronger correlations to eGFR than albuminuria (Rho=20.18). Collagen a1(I) chain peptides displayed the most prominent (25% top and $3 peptides observed) positive correlation to eGFR in mild-moderate stage CKD. Collagen fragments were still most prominent in advanced stage CKD, but two blood-derived peptides (apoA-I and b2-microglobulin fragments) were also among the most prominent ones in the advanced cohort, but correlated negatively to eGFR.
Correlation of Individual Urinary Peptides to Progression of CKD
Although previous studies suggest the potential prognostic abilities of the CKD273 classifier to predict increments in albuminuria 19, 20 and we observed here that the CKD273 classifier correlates to eGFR slope (see above), this classifier was established based on a comparison of healthy individuals and individuals with CKD. 16 Hence, most likely, a number of individual peptides associated with the progression of CKD are not included in the classifier. We therefore studied the correlation of individual peptides with the percent slope eGFR per year in the 522 patients with CKD. We identified 124 peptides (from 38 proteins, Figure 3A ) that significantly correlated with the slope of eGFR per year (Supplemental Table 1 , columns H and I, highest Rho=20.28). However, similar to the crosssectional analysis, the CKD273 classifier still displayed the highest correlation with the eGFR slope ( Figure 1D , Rho=20.40). Two bloodderived proteins, a-antitrypsin and serum albumin, displayed the most prominent (25% top and $3 peptides observed) negative correlation to eGFR. Collagen fragments were not among the most prominent peptides that correlated to slope of eGFR per year.
A Large Overlap with the CKD273 Classifier Is Observed
The previously defined CKD273 classifier 16 was derived from 241 different peptides (see the Concise Methods) corresponding to 30 different proteins. Of the 40 proteins identified in the cross-sectional cohort, 22 were already included in the classifier (Figure 3A , Table 3 ). The correlation analysis to eGFR slope led to the identification of 17 of 38 proteins already included in the classifier ( Figure 3A ). In total, 73% of the proteins of which fragments were already present in the CKD273 classifier were also observed in the correlation analyses to both baseline eGFR and/or eGFR decline. When we considered different CKD stages, the overlap of proteins that were already included in the CKD273 classifier resulted in 18 of 29 proteins for the advanced CKD stage and 10 of 12 for the mild-moderate CKD stage ( Figure 3B ). In total, 70% of the proteins found in the CKD273-classifier also displayed correlation to advanced and/or mild-moderate CKD stages.
DISCUSSION
Even if patients at risk of CKD and CKD progression can often be identified based on their primary disease, detection of individuals developing actual CKD is still troublesome. The currently used standard is elevated urinary albumin excretion (UAE), but the association between albuminuria and CKD has low sensitivity and specificity. [24] [25] [26] Other urinary biomarkers, including neutrophil gelatinase-associated lipocalin and livertype fatty acid-binding protein, 21, 27 showed even lower correlation factors with eGFR than urinary albumin. Although it was not initially developed to detect CKD progression, we have shown that the urinary proteome-based CKD273 classifier 16 allows the identification of patients with diabetes who are at risk of progression to DN. 19, 20 We have also shown that a low CKD273 score is associated with slow progression of CKD in a small CKD cohort. Assessment of the potential of the CKD273 classifier to predict CKD and its progression mandated investigation in a large cohort.
Therefore, we studied the urinary proteome of a large crosssectional cohort of 1990 participants with and without CKD, of which 522 participants had follow-up data on eGFR. The CKD273 classifier displayed a significantly stronger correlation with baseline eGFR and, more importantly, progression of CKD than albuminuria. This higher predictive value of the CKD273 classifier over urinary albumin became even clearer when considering patients with fast-progressing CKD (eGFR decline .25% per year) in which the classifier detected 17 of 31 (55%) progressors missed by microalbuminuria. Because the multimarker CKD273 originally was defined based on the comparison of CKD controls and cases without consideration of progression of disease, 16 further research is needed to adapt the cut-off of the CKD273 classifier for more precise diagnosis of CKD progression. However, in this study, we analyzed the correlation of individual urinary peptides to eGFR in more detail. Although a number of peptides not previously included in the CDK273 classifier were observed, their individual correlation coefficients were all lower than the correlation of the classifier with both baseline and slope eGFR. The majority of peptides with best correlation factors for baseline eGFR were collagen fragments (positive correlation) and fragments of blood-derived proteins (negative correlation), such as a1-antitrypsin and b2-microglobulin. However, prominent peptides correlating to eGFR slope were fragments of blood-derived proteins. Furthermore, we identified six urinary peptides that displayed a significantly stronger association with eGFR than albuminuria, four of which were already included in the CKD273 classifier. In addition, a high number of proteins (.70%) associated with either baseline eGFR mild-moderate or late stage CKD or progression of CKD were already included in the classifier. This most likely confers the previously observed predictive abilities of the classifier. 19, 20, 28 Finally, the size of the cohort allowed the identification of urinary peptides specifically associated with mild-moderate or advanced stage CKD as well. To our knowledge, this is the first time that potential biomarkers were analyzed with respect to their association with different stages of CKD and hence may allow further stratification of patients with CKD.
Comparing the association of urinary peptides with the different subcohorts allows generation of a number of hypotheses on the development/progression of CKD based on the potential role of the molecules (Table 3) . First, peptides associated with CKD irrespective of stage or rate of progression are mostly derived from proteins in the circulation with a variety of biologic functions, or from the extracellular matrix. This supports the general observation in progressive CKD of a combined failure of the glomerular filtration barrier and tubular function, 29 in addition to excessive production of extracellular matrix. 30 When analyzing peptides specifically associated with advanced stage and progression of CKD, failure of glomerular sieving still seems to be a major contributing factor; however, a number of proteins specifically associated with inflammation and, potentially, with repair also appear. This association is further strengthened when proteins that are almost only associated with progression of CKD are taken into account (Table 3) .
Although the exact regulation in situ in the kidney based on the regulation observed in urine remains unknown, a number of proteins associated with inflammatory processes have already been found to be associated with CKD or conditions potentially linked to CKD (Table 3 ). The Ig k chain C region was found to be altered in both visceral adipose tissue and plasma in preobese patients with diabetes compared with preobese participants without diabetes 31, 32 and increased in urine of early DN in type 2 diabetes. 33 Protein S100-A9 was found to be involved in immune processes leading to microvascular complications in type 1 diabetes. 34 Interestingly, pentoxifylline, an anti-inflammatory drug, lowered protein S100-A9 expression in patients with coronary artery disease 35 and has antiproteinuric effects in CKD. 36 These six proteins potentially associated with repair were correlated with CKD progression (Table 3) . Of those, clusterin has been shown in an accelerated fibrosis model to protect against excessive fibrotic lesions. 37 Cornulin is involved in cell cycle arrest at the G1/S checkpoint by upregulating the expression of p21(WAF/CIP). 38 Progression of renal failure in a subtotal nephrectomy model in p21 knockout mice was slower and associated with a 5-fold increase in epithelial surface compared with wild-type mice, suggesting that epithelial repair is hampered in the wild-type strain. Epithelial cell cycle arrest has been identified as a major promotor of kidney fibrosis. 39 It has been shown that in vitro activation of membrane-associated progesterone receptor component 1 inhibits rat and human liver myofibroblast trans-differentiation/proliferation. 40 Annexin A1 is an important endogenous anti-inflammatory mediator, which is activated in response to cellular or tissue injury. 41 Zyxin tightly controls the transcriptional activity of hepatocyte NF-1b (HNF-1b) . 42 Mutations in HNF-1b result in renal cysts and congenital kidney anomalies. 43 In addition, during AKI, HNF-1b regulated the expression of genes important for homeostasis control, repair, and the state of epithelial cell differentiation. 44 A shortcoming of our study is the fact that we could not obtain detailed data on the probable cause of CKD for all patients (we obtained the probable cause of CKD for 91.4% of the patients) and that we lacked information on comorbidities. Therefore, there may be a potential selection bias or unknown (comorbidity) confounder effect. This is caused by the multicenter retrospective character of the study. On the other hand, the absence of verification of effects of those confounders/ or bias might be compensated by the high number of patients included from multiple centers. In conclusion, we validated in this large cohort that a previously established multipeptide biomarker CKD273 performed significantly better in detecting and predicting progression of CKD than the current clinical standard urinary albumin. In addition, we identified a number of individual urinary peptides that have significantly higher associations with baseline eGFR as well as with progression of eGFR than albuminuria. This demonstrates the advantage of using urinary peptidomics for assessing CKD diagnosis and prognosis. In addition, our study confirms the general observation in CKD of sieving failure of the glomerular filtration barrier and accumulation of extracellular matrix. Inflammatory and repair processes have clearly been associated with the development of CKD, which is reflected in the urinary proteome of patients displaying progressive kidney disease. Further studies will determine the clinical effect of the use of these individual urinary peptides as markers of disease activity and progression.
CONCISE METHODS

Patient Data
Urine samples were obtained from 19 different centers: Austin Health and Northern Health (Melbourne, Australia; n=197), Steno Diabetes Center (Gentofte, Denmark; n=441), Medical School of Hanover (Hanover, Germany; n=128), Diabetes Centre of the Isala Clinics (Zwolle, The Netherlands; n=168), University Medical Center (Groningen, The Netherlands; n=215), Barbara Davis Center for Childhood (Denver, CO; n=82), Harvard Medical School (Boston, MA; n=112), RWTH University of Aachen (Aachen, Germany; n=78), BHF Glasgow Cardiovascular Research Centre (Glasgow, UK; n=93), RD Néphrologie (Montpellier, France; n=45), Human Nutrition and Metabolism Research and Training Centre (Graz, Austria; n=54), KU Leuven (Leuven, Belgium; n=84), University of Skopje unknown CKDs. The study was designed and conducted fulfilling all of the requisites of the laws on the protection of individuals collaborating in medical research and was in accordance with the principles of the Declaration of Helsinki. Written informed consent was obtained from all participants. The protocols were approved by the local ethics committees. Rapid progression was recently defined in the Kidney Disease Improving Global Outcomes 2012 CKD guidelines as a sustained decline in eGFR of .5 ml/min per 1.73 m 2 per year. 45 The decline in eGFR in ml/min per 1.73m 2 per year and the decrease in % eGFR slope per year in our cohort strongly correlated (Rho=0.98, P,0.001, see Supplemental Figure 2 ). Therefore, we defined patients that progress rapidly to CKD in our cohort as patients with a decrease in eGFR slope of .5% per year based on this strong correlation with GFR decline in ml/min per 1.73m 2 per year. The differences in eGFR changes (slopes)
for progressors versus nonprogressors are depicted in Supplemental Figure 3 . For the identification of markers of specific stages of CKD, we divided the cohort into patients with an eGFR (Chronic Kidney Disease in Epidemiology Collaboration formula) 46 either lower or higher than 45 ml/min per 1.73 m 2 . Using 45 ml/min per 1.73 m 2 as a cut-off, instead of adopting a 60 ml/min per 1.73 m 2 cut-off, leads to the division of the cohort into patients with normal-to-moderately compromised renal function (CKD stages 1-3a) and patients with mostly advanced disease (CKD stages 3b-5). 47 
Sample Preparation
Urine samples were stored frozen at clinical centers (at 220°C in minimum) and shipped frozen for analysis. After arrival, they were prepared using a cut-off ultracentrifugation device to remove high molecular weight polypeptides and proteins, desalted, and then concentrated by lyophilization and stored at 220°C as described previously in detail. 16 This procedure results in an average sample recovery of peptides and low molecular weight proteins of approximately 85%. 48 Before CE-MS analysis, lyophilisates were resuspended in HPLC-grade water to a final protein concentration of 0.8 mg/ml checked by bicinchoninic acid assay (Interchim, Montluçon, France).
CE-MS Analysis
CE-MS analysis was performed as previously described. 49 The limit of detection was approximately 1 fmol, and mass resolution was above 8000 enabling resolution of monoisotopic mass signals for z#6. After charge deconvolution, mass deviation was ,25 parts per million for monoisotopic resolution and ,100 parts per million for unresolved peaks (z.6). The analytical precision was reported previously. 16 To ensure high data consistency, one sample data set had to consist of a minimum of 800 peptides with a minimal MS resolution of 8000 and a minimal migration time interval of 10 minutes.
Data Processing
Mass spectral ion peaks representing identical molecules at different charge states were deconvoluted into single masses using MosaiquesVisu software. 50 Reference signals of 1770 urinary polypeptides were used for CE time calibration by local regression. For normalization of analytical and urine dilution variances, MS signal intensities were normalized relative to 29 internal standard peptides generally present in at least 90% of all urine samples with small relative SD. 51 For calibration, linear regression was performed. The obtained peak lists characterized each polypeptide by its molecular mass (in Daltons), normalized CE migration time (in minutes) and normalized signal intensity. We only considered those peptides for which sequence information was available. To reduce the complexity of the study, we combined peptides with the same amino acid sequence, but displaying different modifications (like oxidized methionine or hydroxylated proline). This led for the CKD273 classifier to a reduction from 273 to 241 peptide markers.
Correlation and Statistical Analyses
Because the biomarker profiles across the samples are not normally distributed, we used the nonparametric Spearman's rank correlation coefficient for estimating the correlation of individual urinary peptides, the CKD273 classifier or albuminuria with baseline eGFR or progression (percentage slope) of eGFR. To estimate the percentage slope of eGFR per year, the reported eGFRs (average of five measurements with a minimum of two) over 54628 months was used in a linear model of the decay between baseline and follow-up eGFR. Due to the fact that normally the eGFR is decreasing in the course of time, we defined this decrease as a negative eGFR slope per year (in percentages). The slope values were then correlated to the concentration of urinary albumin, to the CKD273 classifier values, and to a large array of urinary peptides. Correlations were considered significant with a correlation factor Rho.0.15 or , 20.15 or a P value ,0.05. Sensitivity, specificity, and AUC of the previously defined CKD273 classifier and 95% confidence intervals were calculated using ROC plots and the comparisons of the correlation coefficients were calculated with MedCalc (version 12.1.0.0, http://www.medcalc.be; MedCalc Software, Mariakerke, Belgium). 52 To evaluate the added predictive ability of the CKD273 classifier, we calculated the NRI and the IDI as described in Pencina et al. 53 The NRI and IDI are measures for how well the model with the new predictor reclassifies the participants with events and nonevents and answers questions such as whether the patients experiencing an event go up in risk and those without events go down in risk. In order to see the additional contribution of the CKD273 classifier to the baseline covariates, we considered a definition of the cases and controls according to the threshold (25% per year) for the eGFR calculated slope. The outcome is defined by the variable Diagnosis slope-5%/year . (1)
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